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INTRODUCTION:

S. aureus is an opportunistic pathogen found on human skin and mucous
membranes. It is the causative agent of a variety of skin and soft tissue
infections in humans and serious infections such as pneumonia, meningitis,
endocarditis, and osteomyelitis. Methicillin-resistant Staphylococcus aureus
(MRSA) has emerged as a cause of infections in persons within the general
community (community-associated methicillin resistant Staphylococcus aureus
(CA-MRSA)) [1]. Diseases caused by CA-MRSA range from cutaneous infection
to life-threatening systemic illness [2;3]; however, the majority of disease
manifests as suppurative skin and soft-tissue infections. CA-MRSA is of
particular importance to the military, as soldiers are counted among the
epidemiological groups who appear to be particularly at risk [4]. Military
personnel have an increased risk of injuries (from skin abrasions to severe
wounds) that would be susceptible to infection by these virulent bacteria, thus
methods must be devised to treat them quickly and effectively. Furthermore, in
the cases of severe trauma under battlefield conditions, wounds may become
infected deep within relatively avascular areas. Additionally, in the process of
debridement, wounds may become opportunistically infected or colonized deep
within the wound that has been closed. Because many staphylococci are
resistant to conventional antibiotics, treating such infections is becoming
increasingly difficult [4].

The global appearance of methicillin- and vancomycin-resistant clinical isolates
of S. aureus has become a serious concern. Currently, 40-60% of nosocomial
infections of S. aureus are resistant to oxacillin and greater than 60% of the
isolates are resistant to methicillin [5]. Treating infections caused by the drug-
resistant S. aureus has become increasingly difficult and is therefore a major
concern among healthcare professionals. To combat this challenge,
development of new and effective antibiotics belonging to different classes are
being aggressively pursued. A number of new antimicrobial agents such as
linezolid, daptomycin, tigecyline, and ceftobiprole have been introduced or are
under clinical development [6]. However, it has been reported that clinical
isolates of MRSA have already become resistant to these new classes of
antibiotics [7-9]. Consequently, there is an urgent need to develop novel
therapeutic agents or antibiotic alternatives against MRSA.

Since the beginning of U.S. military operations in Iraq and Afghanistan, there
have been more than 40,000 injuries to U.S. service members [10]. Early,
aggressive, debridement is the primary tool used to fight contamination and soft-
tissue injuries. Antibiotics are generally not used in early treatment, because
antibiotic therapy is initiated when soldiers are admitted to U.S. military hospitals
after culture and sensitivity are performed. A major source of concern is that the
use of broad-spectrum antibiotics for empirical treating of combat wounds results
in selection of more resistant pathogens. Also, the use of broader-spectrum
agents to treat multidrug resistant infections of non-U.S. personnel in Iraq may
create increasing resistance in this reservoir of patients for potential nosocomial
transmission. A survey of infections from hospitals in Iraq treating combat troops
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showed that the most commonly isolated bacteria from infections in U.S. troops
besides MRSA, were other staphylococci and streptococci [11]. The phage lysins
will address many of these issues in that it is not an antibiotic, may be used early
after the injury to control contaminating staphylococci and more importantly, it is
effective against all species of staphylococci. Furthermore, the fact that lysins
work synergistically with antibiotics will be useful.

Bacteriophages infect their host bacteria to produce more virus particles. At the
end of the reproductive cycle (which may last up to an hour) they are faced with a
problem, how to release the progeny phage trapped within the bacterium. They
solve this problem by producing a peptidoglycan hydrolase enzyme called lysin
that degrades the cell wall of the infected bacteria to release the progeny phage
[12]. The lytic system consists of a holin [12] and at least one lysin capable of
degrading the bacterial cell wall. Lysins can be endo-beta-N-acetyl-
glucosaminidases or N-acetylmuramidases (lysozymes), which act on the sugar
moiety, endopeptidases, which cleave the peptide cross bridge, or more
commonly, an N-acetylmuramoyl-L-alanine amidase (or amidase), which
hydrolyzes the amide bond connecting the sugar and peptide moieties. Typically,
the holin is expressed in the late stages of phage infection, forming a pore in the
cell membrane, allowing the preformed lysin(s) to gain access to the cell wall
peptidoglycan, resulting hypotonic lysis of the cell releasing phage progeny.
Significantly, exogenously added lysin can lyse the cell wall of uninfected cells,
producing a phenomenon known as lysis from without. However, because of the
lack of an outer membrane, this event is observed only in gram-positive bacteria.

While lysins have been known for many years [13-15], our laboratory was the
first to use these enzymes therapeutically and prophylactically in vivo in their
purified form to kill colonizing pathogenic bacteria on mucous membrane
surfaces, infected tissues and in blood. So long as contact can be made with the
bacteria, lysins have the capacity to kill the cell. In general, lysins are specific for
the bacterial species from which they were produced, resulting in targeted killing.
For example, we have purified lysins to kill S. aureus (MRSA), S. pyogenes [16]
S. pneumoniae [17], Group B streptococci [18], Enterococcus faecalis/faecium
[19] and B. anthracis [20]. All of these enzymes are highly evolved molecules
designed for a specific purpose, to quickly destroy the bacterial cell wall.
Nanogram to sub-microgram quantities of purified lysin per milliliter is sufficient to
sterilize a 10" bacterial suspension in seconds to minutes. To date, other than
chemical agents, there is no biological compound known that can kill bacteria this
quickly. Since nearly all bacteria are or can be infected by bacteriophage, such
enzymes may be developed for nearly all disease-causing gram-positive
bacteria.



BODY:
I. ClyS Lysins and Vancomycin in a 10-Day Wound Infection Model

We began our studies with animal experiments to determine the effects of the
combination of vancomycin and lysin on MRSA wound infections. In these
experiments we asked if the combination therapy will be more effective in
clearing MRSA from the infected wounds than the standard of care using
vancomycin alone.

Treatment:
Day O - Rats were surgically opened and infected with MRSA (strain MW2) as
described in previous reports.

Day 4 - Rats started treatment with 50mg/kg every 12 hours IP with vancomycin.
This treatment with vancomycin continued for the 10 days of the experiment.

Day 5 - (36 h after vancomycin began) rat wounds / infections were re-opened,
debrided and drained by wiping with sterile gauze and scalpel scraping

Wounds were then washed with 500ul of 10mg/ml ClyS or Buffer before closing
with surgical staples.

Day 10 - Animals were Euthanized, wounds reopened, swabbed, tissue samples
of infected muscle and/or abscesses were collected, disrupted and plated for
CFU/gram.

Results. As can be seen in Figure 1, the wounds of rats that were treated with
buffer alone exhibited an average of 5.41 x 10° CFU/gram of tissue of MRSA
while animals treated with Vancomycin / ClyS lysin had an average of 8.86 x 10?
CFU/gram of tissue, a reduction of ~4-logs of MRSA. Treatment with
vancomycin/buffer or buffer/ClyS resulted in a total of 1.37 x10°and 9.44 x 10°
respectively, intermediate reductions of about 1- 2 logs.

These experiments will be repeated with more animals to determine
reproducibility and statistical power. However, these results are consistent with
the idea that lysins synergistically with antibiotics to effectively kill MRSA. We
plan to repeat these experiments and use an ointment formulation of the lysins in
wound infections to determine if efficacy can be increased.
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Figure 1.

MRSA wound infections were started on day O, then, on day 4

vancomycin treatment or buffer was initiated and continued every 12 h for 10
days. On day 5 wounds were opened and debrided and treated with 500 ul of 10

mg/ml of ClyS lysine or buffer before closing.

On day 10 all animals were

euthanized and tissues removed and processed to obtain colony counts.

Raw data:

IP Vancomycin + ClyS wash upon

draining and debridement of wound
Vancom | CFU/gra | Vancom | CFU/gram | Buffer | CFU/gra | Buffer | CFU/gram
ycin/Cly | m ycin/buf IClys m /buffe
S fer r
1 9.10E+02 | 1 5.85E+03 | 1 2.67E+04 | 1 5.42E+06
2 1.92E+01 | 2 9.46E+03 |2 1.12E+05 | 2 6.76E+06
3 8.49E+02 | 3 7.81E+04 |3 1.38E+05 | 3 3.49E+06
4 1.37E+03 | 4 1.51E+03 | 4 3.50E+06 | 4 5.95E+06
5 1.28E+03 | 5 5.92E+05

Av 8.86E+02 1.37E+05 9.44E+05 5.41E+06




Il. Effects of Lysin and/or Vancomycin Treatments in a 10-Day Established
MRSA Wound Infection

In this this set of experiments we continued our animal experiments to determine
the effects of the combination of vancomycin and lysin on established MRSA
wound infections. This differs from our previous results, where lysin was added
early after contamination with MRSA (as would occur in the field) where we
clearly show >4-log reduction compared to control given the high 10" dose of
MRSA. In the current set of experiments we use lysin alone or in combination
with Vancomycin to treat an established infection (abscess formation after 5
days) and compare it to the standard of care, Vancomycin alone.

Treatment:

Day 0 - Rats were surgically opened and infected with MRSA (MRSA strain
MW?2) as described in previous reports.

Day 4 - Rats started treatment with 50mg/kg every 12 hours IP with vancomycin.
This treatment with vancomycin continued for the 10 days of the experiment.

Day 5 - (36 h after vancomycin began) rat wound infections were re-opened,
debrided and drained by wiping with sterile gauze and scalpel scraping.

Wounds were then washed with 500ul of 10mg/ml ClyS or buffer before closing
with surgical staples.

Day 10 - Animals were euthanized, wounds reopened, swabbed, tissue samples
of infected muscle and/or abscesses were collected, disrupted and plated for
CFU/gram.

Results. As seen in Figure 2, the wounds of rats that were treated with buffer
alone exhibited an average of 2x10° CFU/gram of tissue of MRSA while animals
treated with Vancomycin and PlySS2 lysin had an average of <10?> CFU/gram of
tissue, a reduction of >3-logs of MRSA. Treatment with vancomycin/buffer or
buffer/PlySS2 resulted in a total of ~10° CFU/gm, reductions of <3 logs.

It should be noted that 6/16 animals in the PlySS2/Vanco group and 3/16 in the
PlySS2 alone group showed no CFUs at 10 days, so 1 CFU was used for the
analysis. Importantly, the results show that one dose of PlySS2 alone on day 5
was more effective than 5 days of treatment with Vancomycin alone. This result
also emphasizes the usefulness of lysin treatment (wound irrigation) during the
debridement process. Furthermore, a dose of 1 x 10” MRSA was used to infect
the wounds, far more than would be expected to contaminate a wound in the
field.



Day 5 after Debridement & Treatment
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Figure 2. MRSA wound infections were started on day O and on day 4
vancomycin treatment or buffer was initiated and continued every 12 h for 10
days. On day 5 wounds were opened and debrided and treated with 500 ul of 10
mg/ml of PlySS2 lysin or buffer before closing. On day 10 all animals were
euthanized and tissues removed and processed to obtain colony counts. Based
on Mann-Whitney analysis p=0.0001 between buffer and the combination of
Vanco and PlySS2, as was PlySS2 alone and buffer.



lll. Effects of Lysin on high and low dose of MRSA-infected wounds and
effects of formulated lysin in a gel on clearance of MRSA-infected wounds.

In our previous experiments we used an inoculum of MRSA of around 10’ CFU
to establish abscesses in the rat wounds. Unfortunately, this may not mimic the
exposure to MRSA that may be acquired on the battlefield, which is likely much
lower. To address this here, we repeated our lysin treatments using MRSA
doses of 10* CFU and compared it to wounds infected with 10” MRSA. Also, we
have developed a topical formulation gel that we find increases stability, is easier
to manipulate and increases the residence time of the lysin in the wounds. This
formulated lysin was tested in our regular wound infection model.

A. Low vs High Dose of MRSA in wounds
Treatment:

Day O - Rats were surgically opened and infected with low (10%) and high (107)
dose of MRSA (strain MW2) as described in previous reports. 15 minutes later
the wounds were treated with 500ul of 10mg/ml PlySS2 lysin and the wounds
stapled shut.

Day 5 - Animals were euthanized, wounds reopened, swabbed, tissue samples
of infected muscle and/or abscesses were collected, homogenized and plated for
CFU/gram.

Results. As seen in Figure 3, the wounds of rats that were infected with low
dose (10*) of MRSA and treated with buffer alone exhibited an average of 5x10*
CFU/gram of tissue of MRSA. The variation is large in this untreated group
because this low dose can be somewhat handled by the animals. However, we
could recover no CFUs in all the animals treated with PlySS2 in this low dose
group. While the CFUs in the high dose MRSA group treated with buffer all
clustered around 10® CFUs, 8/11 of the lysin-treated group were below our level
of detection. Thus, it is expected that wounds contaminated in the field with
MRSA would be around the 10* CFUs or less used in this experiment. Our
results show that these wounds would easily be sterilized of these pathogens
with one treatment of lysin. Even at doses up to 3-logs higher of MRSA, the
single dose of lysin was able to remove all the MRSA in 72% of the infected
wounds.

B. Using slow release formulated lysin in MRSA wound infections

Day O - Rats were surgically opened and infected with (10”) dose of MRSA
(strain MW2) as described in previous reports. The wounds were then treated
with 1 ml of 5 mg/ml of PlySS2 lysin formulated in 2% methyl cellulose and 10%
glycerol gel and the wounds were stapled shut.
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Day 5 - Animals were euthanized, wounds reopened, swabbed, tissue samples
of infected muscle and/or abscesses were collected, homogenized and plated for
CFU/gram.

Result:

As can be seen in Figure 4, CFU counts clustered around 5x10” in the animals
treated with formulated buffer, while 7/11 animals treated with formulated lysin
had counts below our detectible limit. This result is comparable to the use of
liquid lysin and shows that this type of formulation does not have an adverse
effect on the lysin and as such we will be able to better handle and manipulate
the lysin in this formulation rather than in a liquid.

5 day Post Wound Infection & Irrigation
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Figure 3. Comparison of high and low dose of MRSA after treatment with
PlySS2 lysin. Numbers “Below” in yellow = animals with counts below detectible
limits)
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PlySs2 -Slow Release Flush Day 5
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Figure 4. The ability of formulated lysin in a 2% methyl cellulose and 10%
glycerol gel on the clearance of MRSA from infected wounds.

IV. Treatment of mixed bacterial infections with lysins

Killing both MRSA and S. pyogenes using a single lysin. Since the PlySS2
lysin we have been using in all of our wound studies not only kills MRSA
effectively, but also has a similar effect on S. pyogenes, an organism that also
contributes to the wound infections occurring on the battlefield and in military
training camps. We examined whether a single lysin having both activities, will
be able to control an infection by both pathogens. In order to show this more
effectively we developed a model of lethal bacteremia in mice infected by both
MRSA and S. pyogenes, and attempted to control both these infections with a
single lysin.

First we needed to establish the dose of each pathogen that would cause
disease on its own and then used the combination of both bacterial infectious
doses in the final experiment. As treatment and controls we used the following
lysins that are either specific for each organism or the broad acting PlySS2:
PlyC — is specific for S. pyogenes and will not kill MRSA

ClyS - is specific for MRSA and will not kill S. pyogenes

12



PlySS2 — has broad activity and will kill both MRSA and S. pyogenes

Experiment: Mice received 10° MRSA and / or 10” S. pyogenes
intraperitoneally (IP) and after 3 hours all animals were bacteremic (based on
preliminary experiments). At this time animals were treated IP with:

1. PlySS2 alone

2. ClyS + PlyC

3. ClyS alone

4. PlyC alone

5. Buffer
All animals were followed for 7 days for survival.

Results: As can be seen in Fig 5, animals with a mixed infection and treated
with either PlySS2 or the combination of the PlyC and ClyS lysins were protected
from death (left panel). Treatment with only one of the lysins caused death by
the second organism. Animals infected with only one of the two pathogens
(center and right panels) could be protected with PlySS2 lysin or the single lysin
specific for the infecting organism. These results strongly indicate that not only
can a lysin with broad activity be used in our wound infection model, but that a
mixture of 2 lysins with different lethal specificities can be as effective in
preventing infection.

100%

% survival

0% N B 17%. S 7%
11% ™ 6% 0% 7%

0% S S S . S S

Treatment Plyss2 | Clys | Clys PlyC | Buffer Plyss2 | Clys PlyC | Buffer Plyss2 | Clys | PlyC | Buffer
+PlyC

Mix Mix Mix Mix Mix i MRSA | MRSA | MRSA | MRSA i GrAs GrAs GrAS GrAs
MRSA and S. pyogenes

Figure 1. Protection from Death After Dual Infection with MRSA and S. pyogenes.
Mice received 10° MRSA and / or 10’ S. pyogenes IP, and after 3h they were
treated with either PlySS2 (n=24), ClyS + PlyC (n=18), ClyS (n=20), PlyC (n=20),
or buffer (n=24).
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KEY RESEARCH ACCOMPLISHMENTS

1. We have established a reliable rat model of wound infection by MRSA

2. We have determined that the addition of a foreign body allows for a
reduction in the number of MRSA to cause an abscess

3. We have found that lysin may be used to kill MRSA in a contaminated
wound

4. We have found that the combination of vancomycin (the standard of care
drug) works synergistically with lysin to achieve a better outcome in the
reduction of CFUs of MRSA

5. We have found that formulating the lysin in a slow release form also works
to control abscess formation

REPORTABLE OUTCOMES:

1. Manuscript in preparation

2. A reliable animal model was developed

3. The MRSA-specific lysins have been licensed by Contrafect Corporation,
Yonkers, NY. The lysin is being developed to treat hospital MRSA sepsis

CONCLUSIONS. We have clearly shown that phage lysins may be used in
wounds to control MRSA from causing infections and abscesses. We show that
lysin works more effectively than vancomycin alone and can be used to irrigate
wounds that are infected with MRSA to eliminate the pathogen. We also show
that a single lysin that has activity against both MRSA and S. pyogenes is able to
control both pathogens. In anticipation of formulation studies, we also show that
a gel formulation used in the wounds works well in clearing the MRSA and is
better manipulated for that application. Thus, based on our animal studies, we
are confident that lysins may be used in a field application to prevent infection by
MRSA and perhaps also S. pyogenes. It may also be used as a topical
treatment of the surface of sutured wounds to prevent infections in a hospital
environment.
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